Purpose: This study aimed to identify risk factors for brain damage in infants with late-onset circulatory collapse (LCC), a circulatory failure that responds to glucocorticoid therapy. Methods: We retrospectively reviewed 167 infants (gestational age <35 weeks) who had hypotension between April 2009 and March 2017 at Boramae Medical Center. Forty infants were diagnosed with LCC and divided into two groups based on ultrasonography and magnetic resonance imaging findings: infants with periventricular leukomalacia (n=9) and those with normal images (n=31) after LCC. The clinical factors of these two groups, including perinatal characteristics, clinical features during the LCC period, and neonatal morbidities, were compared. Results: There were no significant differences in perinatal characteristics and postnatal morbidities between the two groups. Postnatal age was greater in the group with brain damage (16 days vs. 24 days, P=0.047). The lowest mean blood pressure (MBP) and lowest serum sodium concentration were significantly lower in the brain damage group (19 mm Hg vs. 22 mm Hg, P=0.034; 125 mmol/L vs. 129 mmol/L, P=0.043). There were no significant differences in other clinical factors, including cortisol levels, and inotrope and hydrocortisone use. In multivariate logistic regression, older post natal age (odds ratio [OR], 1.147; P=0.049), lower MBP (OR, 0.616; P=0.031), and lower sodium concentration (OR, 0.728; P=0.037) during the LCC period highly predicted brain damage in infants with LCC (area under the curve 0.882, P=0.001). Conclusion: Close monitoring of LCC signs even in long-term stable preterm in fants and management for preventing severe hyponatremia and hypotension are important to minimize the occurrence of brain damage in infants with LCC.
INTRODUCTION
Hypotension is common in preterm infants, and maintaining organ flow through active management is critical in this condition. There are several reasons for hypotension, including hypovolemia, cardiac dysfunction, and sepsis-induced vasodilation.
In addition, preterm infants can develop refractory hypotension that is resistant to volume expanders and inotropes and responds only to glucocorticoid therapy. This is explained by maladaptation of transient adrenocortical insufficiency during prematurity 1) . Usually, hypotension occurs within 7 days; however, late-onset refractory hypotension has been reported in Japan since 2000 and is called late-onset circulatory collapse (LCC) 2) . A Japanese review reported the incidence of LCC to be 6.3% in very low birth weight infants and 11.6% in extremely low birth weight infants 3) . LCC may develop more frequently in smaller infants.
The hemodynamic condition associated with LCC is similar to the distributive shock pattern in sepsis. The ejection fraction increases and afterload decreases during the LCC period. The mean blood flow velocity increases in the superior mesenteric artery, whereas it decreases in the anterior cerebral and renal arteries 4) . Because of this hemodynamic nature of LCC, cerebral blood flow to the white matter decreases and periventricular leukomalacia (PVL) can develop in patients 5) . In a previous report, although LCC did not cause brain damage in all cases, the neurologic prognosis was worse in severe cases 6) . Nakanishi et al. 7) reported that significantly more infants with LCC than controls had cerebral palsy at 3 years of age. However, no study has investigated the clinical characteristics that cause brain damage in infants with LCC. Therefore, the aim of this study was to compare the characteristics between infants with brain damage and normal infants after LCC events, and to identify the risk factors for brain damage in infants with LCC.
MATERIALS AND METHODS

Subjects
We extracted the data of infants with hypotensive events from among inborn preterm infants with gestational age (GA) of <35 weeks, who were admitted to the neonatal intensive care unit We excluded infants with early-onset hypotension (within 7 days), cardiac diseases, confirmed infection, necrotizing enterocolitis (NEC), massive hemorrhage, pneumothorax, and congenital anomaly. We included preterm infants meeting the LCC criteria reported in a previous study 3) .
Trial design
We retrospectively reviewed electronic medical records of infants with LCC and divided them into two groups based on ultrasonography and magnetic resonance imaging (MRI) findings.
We compared the brain images obtained before and after LCC events, and infants with white matter changes were classified into the brain lesion group. White matter changes included white matter injury, PVL, and macrocystic encephalomalacia. Ultrasonography examination was performed by one pediatric radiologist using iU22 (Phillips, Bothell, WA, USA) with a 5-to 8-Hz 
Definition of diseases
LCC was diagnosed according to the clinical criteria suggested by the Japanese Study Groups for Neonatal Endocrinology based on a study by Koyama et al.
3) These criteria were as follows: (1) LCC occurring outside the transitional period (>7 days); (2) stable period before the onset of LCC; (3) no apparent causes such as sepsis, massive bleeding, or NEC before LCC onset; (4) hypotension and/or oliguria with sudden onset; and (5) hypotension and/or oliguria resistant to intravenous volume expanders and inotropes.
Hydrocortisone treatment was initiated after diagnosis according to the LCC criteria. We administered 1 mg/kg hydrocortisone four times every 6 hours. When symptoms improved, tapering was performed at 0.5 mg/kg every 6 hours for 2 days and 0.3 mg/ kg every 8 hours for 2 days 8) . The tapering schedules were modified according to the patients' recovery status from hypotension and the need for inotropes. Hypotension was defined as a mean blood pressure (MBP) of <30 mm Hg or a 15% reduction in systemic pressure 9, 10) . We checked the blood pressure using a noninvasive blood pressure monitoring device (Solar 8000i, GE Medical Systems Information Technologies, Milwaukee, WI, USA). A decrease in urine output of >50% or a urine output of <1 mL/kg/hr for 6 hours was defined as oliguria 2) .
Statistical analysis
Statistical analyses were performed using the SPSS Statistics version 20.0 software (IBM Co., Armonk, NY, USA). Data were summarized as median with ranges or numbers with percentages.
Qualitative data were analyzed using the chi-square test, and quantitative data were analyzed using the Mann-Whitney U-test to compare the two groups. Multivariate logistic regression was used for risk factor analysis. We also used receiver operating characteristic (ROC) curves to obtain cutoff values of significant factors. The cutoff point for parameters was defined as the point on the curve where the sum of sensitivity and specificity was the highest. P-values <0.05 were considered statistically significant.
RESULTS
Study population
Of 672 preterm infants (<35 weeks of gestation) admitted to the NICU, 167 infants had hypotension. We excluded 127 infants amnionitis, preeclampsia, and antenatal steroid use (Table 1) .
There were no significant differences in neonatal complications such as respiratory distress syndrome, bronchopulmonary dysplasia, patent ductus arteriosus, NEC, retinopathy of prematurity (ROP), and Synthroid medication between the two groups (Table   1) . However, the incidences of ROP stage III or higher (22.2% vs.
3.2%, P=0.057) and thyroid hormone supplementation (33.3% vs. 3%, P=0.080) were marginally greater in the brain lesion group.
Clinical and laboratory factors at the LCC period
Postnatal age (PNA) was greater in the group with brain da- (Figure 1 ).
Incidence and distribution of LCC
In this study, the incidence of the LCC was 6% (n=40). The distribution showed that LCC had the highest frequency of occurrence in infants with a GA of 26 weeks (29%) and in those with a birth weight of 1,001 to 1,250 g (22%). The incidence of brain damage in infants with LCC was 23% (n=9). The distribution showed that brain damage had the highest frequency of occurrence in infants with LCC with a postmenstrual age (PMA) of 30 weeks (50%) and body weight of 751 to 1,250 g (33%) (Figure 2 ).
Perinatal clinical characteristics and neonatal complications
The median GA and body weight at birth of infants with LCC were 29 +6 weeks and 1.21 kg, respectively. There were no significant differences in perinatal characteristics such as GA, birth weight, sex, multiple births, Apgar score, and delivery mode between the two groups (Table 1) . Among maternal factors, there were no differences in premature rupture of membrane, chorio- 129 mmol/L, P=0.043); however, serum potassium and cortisol levels were not significantly different. There were no significant differences in inotrope and hydrocortisone use, hydrocortisone initiation time, and treatment duration between the two groups (Table 2) .
Risk factor analysis
In multivariate logistic regression analysis, PNA (odds ratio reported that LCC is significantly associated with cystic PVL, especially late-onset PVL. In addition, LCC has an important influence on neurologic prognosis, such as the development of cerebral palsy 7) . To prevent brain damage in infants with LCC, it is important to understand the clinical features and factors that affect brain damage in this group. In this study, we analyzed 40 Whether the need for ventilator mode was increased compared with before the late-onset circulatory collapse period; ‡ The serum cortisol level was measured just before hydrocortisone treatment was started. We did not obtain the value in four infants (three in the normal group and one in the brain lesion group); § None: dopamine: add dobutamine: add epinephrine: add norepinephrine. Abbreviations: MBP, mean blood pressure; BUN, blood urea nitrogen; HCS, hydrocortisone. preterm infants with LCC to demonstrate the overall clinical characteristics of LCC and to discover the clinical factors that cause brain damage in LCC. To our knowledge, this is the first casecontrol study to investigate the risk factors for brain damage in preterm infants with LCC. Our results showed that older PNA, lower MBP, and lower serum sodium concentrations during the LCC period increased the incidence of brain damage in preterm infants with LCC.
LCC is defined as refractory hypotension that suddenly occurs in stable preterm infants >1 week after birth. The prevalence of LCC reported in a Japanese review was 6.3% in very low birth weight infants 3) and that in our study was 6.0% in infants aged <35 weeks GA. The incidence of LCC was high in relatively younger GA infants (25 to 26 weeks); however, most LCC events occurred at a relatively later PMA (30 to 34 weeks) in our study.
In most cases, we observed abrupt LCC onset in clinically stable nonintubated infants with full enteral feeding. The brain volume increased to about 15 mL/week between 29 and 41 weeks of gestation, and about 65% of the brain volume of term infants was formed at 34 weeks. Because most of the brain formation process occurs at a later GA, the brain is more likely to sustain damage in the later preterm period 12) . The median PMA of infants with LCC was 32 weeks, and the LCC onset time in all patients with brain damage was at 30 to 34 weeks PMA in our study. In this period, brain formation is more rapid, and the brain seems to be more vulnerable to the development of lesions.
In our study, PNA, MBP, and sodium levels were found to signi- The median MBP in the brain lesion group was 19 mm Hg, and the cutoff value for brain damage was 20.5 mm Hg. This is consistent with a previous study reporting an MBP threshold of ischemic cerebral blood flow in neonates of <20 mm Hg 13) . A cerebral autoregulation mechanism exists to maintain a constant cerebral blood flow even when the arterial blood pressure changes. This process avoids damage to the brain in case of systemic hypertension or hypotension. In preterm infants, systemic blood pressure fluctuates widely, and autoregulation is more important. Therefore, hypotension could lead to decreased cerebral perfusion among preterm infants with impaired cerebral autoregulation and may result in the development of PVL 14, 15) .
In the presence of adrenal insufficiency, the secretion of antidiuretic hormone (ADH) increases, resulting in water retention and a reduction in plasma sodium concentration 16, 17) . In the presence of cortisol deficiency, systemic blood pressure and cardiac output decrease, resulting in hypersecretion of ADH, and a more important mechanism may be that ADH is an adrenocorticotropic hormone secretagogue [18] [19] [20] [21] . In our study, the median value of the lowest sodium level in infants with LCC was 128.5 mmol/L, which significantly decreased to 125 mmol/L in the brain lesion group. Brain osmolality is in equilibrium with extracellular fluid osmo lality. When hyponatremia occurs, plasma osmolality de creases and water moves to the brain according to osmotic gradi ents, resulting in cerebral edema. Brain edema also deteriorates cere bral perfusion [22] [23] [24] . Moreover, rapid correction of hyponatremia causes an inverse osmotic gradient with excessive loss of water from the cells, causing brain dehydration and demyelination of white matter (called osmotic demyelination syndrome), and can lead to irreversible brain damage [25] [26] [27] . As both severe hyponatre mia and its rapid correction may cause brain damage, meticulous care should be employed, including using a volume expander and correcting hyponatremia at an appropriate rate, in patients suspected to have LCC.
Severe hyponatremia and hypotension associated with brain damage are signs of LCC, and hydrocortisone administration is the only treatment. According to a previous study, PVL with LCC causes more severe brain lesions than does PVL without LCC, and its prognosis is worse. The reason for severe brain lesions in LCC is believed to be ischemia during the period of refractory hy potension, which persists even with the use of inotropes and volume expanders 28) . Therefore, rapid initiation of hydrocortisone treatment after LCC onset may be crucial. In previous studies, when hydrocortisone was administered, blood pressure increased after 2 hours and the inotrope requirement decreased from 6 to 12 hours after administration 29, 30) . However, unexpectedly, there were no significant differences in terms of hydrocortisone use, initiation time, and treatment duration between the two groups in our study.
The underlying pathophysiology of LCC is considered to be relative adrenal insufficiency; however, the etiology remains In conclusion, infants with older PNA, lower serum sodium level, and lower MBP during the LCC period had a higher incidence of brain damage. Therefore, LCC-associated signs should be closely monitored even in long-term stable preterm infants.
Moreover, management for preventing severe hyponatremia and hypotension are important to minimize the occurrence of brain damage in infants with LCC.
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